Considering the strong correlation between carbohydrate and fat intake, we defined and assessed the association of the carbohydrate-to-fat ratio with the high-density lipoprotein cholesterol (HDLc) level using 12-year follow-up data from the community-based cohort of the Korean Genome Epidemiology Study. We evaluated the long-term changes in HDL-c levels according to quartiles of carbohydrate-to-fat ratio using a mixed model. We also assessed the effect of the carbohydrateto-fat ratio on the prevalence and incidence of hypo-HDL-cholesterolemia. Of 6,627 subjects, the prevalence of undiagnosed hypo-HDL-cholesterolemia at baseline was 35.3% (n = 2,339). Among the disease-free subjects, 56.8% developed hypo-HDL-cholesterolemia (incidence = 92/1,000 personyears). The prevalence and incidence of hypo-HDL-cholesterolemia were higher in females than in males. The highest carbohydrate-to-fat ratio quartile, which was characterized by high and low intake of carbohydrate and fat, was consistently associated with a lower HDL-c level during the 12-year follow up. Moreover, those in the highest quartile had a 1.14-fold greater risk of incident hypo-HDLcholesterolemia than those in the lowest quartile, with a significant dose-response relationship. We found that high and low intake of carbohydrate and fat, respectively, was consistently associated with a low HDL-c level over a prolonged period. More research is needed to promote appropriate intake of macronutrients.
High-density lipoprotein (HDL) is known as good cholesterol because it helps to remove excess cholesterol from cells and atheroma 1 . Since the Framingham Heart Study reported a strong inverse association between the HDL-cholesterol (HDL-c) level and coronary heart disease 2 , many prospective studies have confirmed that HDL-c levels is a potential risk factor of cardiovascular disease (CVD) 3, 4 , a leading cause of death.
In the 2010 Korea National Health and Nutrition Survey (KNHANES), one in two adults ≥20 years of age had dyslipidemia and hypo-HDL-cholesterolemia was the most common type (41.6%; 34.1% in males and 48.9% in females) 5 . These values are higher than those reported in Western countries 6, 7 . In this regard, it has been suggested that a traditional dietary pattern, which is characterized by a high intake of carbohydrate, contributes to hypo-HDL-cholesterolemia in Koreans 8 .
Regarding the relationship between carbohydrate and lipid levels, several meta-analyses of randomized controlled clinical trials have shown that a low intake of carbohydrate improves the blood HDL-c level 9, 10 . A Chinese population cohort study also reported that high intake of carbohydrate was associated with a decreased HDL-c level and increased triglyceride level during a 4.2-year follow up 11 . However, there is a seesaw effect between carbohydrate and fat intake: as the intake of one increases, that of the other decreases 12 . Indeed, carbohydrate intake influences risks to health in the direction opposite that of fat intake. This has hampered determination of the net effect of carbohydrate or fat on health risks. Moreover, few studies have assessed longitudinal changes in lipid levels according to intake of carbohydrate and fat.
Results
The baseline characteristics of the subjects are listed in Table 1 . More than half of the subjects were females. The average BMI was 24.3 kg/m 2 and 39.0% of the subjects were obese. The daily total energy intake was 1,950.1 kcal and 70.9% of total energy was derived from carbohydrate. With the exception of the age distribution, the baseline characteristics differed according to sex and half of the male subjects were current smokers at baseline.
The median values of the carbohydrate-to-fat ratio according to quartile were 6.9, 9.5, 12.1, and 16.8, respectively. The distribution of baseline characteristics differed according to carbohydrate-to-fat ratio quartile. The subjects in the highest quartile were more likely to be female and older, have a lower education level, and live in a rural area compared with those in the lowest quartile. The average daily intake of carbohydrate and of fat of the highest quartile was 404.8 g (78.2% of total energy) and 22.1 g (9.0% of total energy), respectively ( Table 2) .
The average HDL-c level in males was lower than that in females at baseline (48.2 mg/dL in males and 51.8 mg/dL in females), while the prevalence of hypo-HDL-cholesterolemia was higher in females than in males (68.5% in females vs. 31.6% in males, p < 0.0001). There was no difference in baseline HDL-c level according to the carbohydrate-to-fat ratio quartile, but prevalent hypo-HDL-cholesterolemia was positively associated with the carbohydrate-to-fat ratio. Even after adjusting for various covariates, the higher the quartile of the ratio, the higher the risk of hypo-HDL-cholesterolemia. This trend was observed in females, but not in males, and there was no interaction effect (p for interaction >0.05) ( Table 3) . Longitudinal changes in HDL-c levels according to carbohydrate-to-fat ratio quartile are shown in Fig. 1 . During the follow-up period, the average HDL-c level was high for the first quartile (relatively low intake of carbohydrate and high intake of fat), and low for the fourth quartile; this tendency was evident in both sexes. Additionally, the difference in HDL-c levels between the top and bottom quartiles (Q4 vs. Q1) in all subjects was significant after baseline (p < 0.05), even after controlling for covariates ( Fig. 1 ). The longitudinal changes in HDL-c levels according to the carbohydrate-to-fat ratio quartile were similar to those according to the carbohydrate intake quartile (Supplemental Fig. 1 ).
Among the disease-free subjects (n = 4,288), 56.8% developed hypo-HDL-cholesterolemia (n = 2,435, incidence = 92 per 1,000 person-years). The incidence of hypo-HDL-cholesterolemia was higher in females than in males (128 per 1,000 person-years in females vs. 71 per 1,000 person-years in males). Compared to the first quartile (Q1) of the carbohydrate-to-fat ratio, the risk of hypo-HDL-cholesterolemia for Q2, Q3, and Q4 was 1.08 (95% CI 0.96-1.21), 1.21 (95% CI 1.08-1.35), and 1.47 (95% CI 1.32-1.65), respectively. After adjusting for covariates, the effect of carbohydrate-to-fat ratio quartile was weakened but the trend was maintained. The dose-response relationship remained even after controlling for fiber intake and fiber was not independently associated with incident hypo-HDL-cholesterolemia (Table 4 ). The carbohydrate-to-fat ratio quartile exerted the dominant effect on incident hypo-HDL-cholesterolemia in females, but there was no interaction effect (p for interaction = 0.53, Supplemental Table 1 ). In addition, the effects of the interactions of the carbohydrate-to-fat ratio quartile with other risk factors were non-significant (Supplemental Table 1 ). Use of the carbohydrate intake quartiles yielded similar results, while those of the fat intake quartiles were in the opposite direction (Supplemental Table 2 ). 
Discussion
Using long-term follow-up data, we evaluated the effect of carbohydrate-to-fat ratio on the longitudinal changes in HDL-c levels and the risk of hypo-HDL-cholesterolemia. The highest carbohydrate-to-fat ratio quartile, which was characterized by high carbohydrate and low fat intake, was consistently associated with a lower HDL-c level during the 12-year follow up. Moreover, the carbohydrate-to-fat ratio was associated with prevalent and incident hypo-HDL-cholesterolemia; subjects in the top quartile had a 1.14-fold (95% CI 1.01-1.29) greater risk of incident hypo-HDL-cholesterolemia than those in the bottom quartile, with a significant dose-response relationship.
The carbohydrate-to-fat ratio exerted a dominant effect in females, and there was no difference according to sex. Most studies evaluated the effect of the intake of carbohydrate or fat individually. A cross-sectional South Korean study evaluated the association with metabolic syndrome of the carbohydrate and fat intake tertiles in combination; however, the subjects were not evenly distributed 13 . To consider the two highly correlated nutrients together, we calculated the carbohydrate-to-fat ratio and applied it. Irrespective of the total energy intake, if the intake of carbohydrate is 13.7-fold higher than that of fat, the risk of incident hypo-HDL-cholesterolemia increases by 14% (HR 1.14, 95% CI 1.01-1.29). Additionally, the results based on quartiles of carbohydrate intake were similar to those based on the carbohydrate-to-fat ratio; individuals in the highest carbohydrate intake quartile had a higher risk of hypo-HDL-cholesterol. Taken together, people who ate more than 363 g of carbohydrate (72.5% of 2,000 kcal), while eating less than 26.5 g of fat (11.9% of 2,000 kcal) per day were likely to be at high risk of developing hypo-HDL-cholesterolemia. Although its validity needs to be confirmed, assessment based on a ratio value overcomes the disadvantages of a previous study (i.e., the limitation in assessment associated with the unbalanced distribution of subjects when assessed as a group for combinations of intakes of two strongly correlated nutrients 13 ), and was directly comparable to the intake of fat or carbohydrate.
Regarding the effect of carbohydrate intake on HDL-c levels, most studies have reported a significant association. Population-based cross-sectional South Korea studies reported that a high intake of carbohydrate is associated with an increased risk of hypo-HDL-cholesterolemia 14 and metabolic syndrome 13 . Similar results have been reported from China 11 and Japan 15 . In the cross-sectional PURE study, which involved 18 countries, the HDL-c, total cholesterol, and low-density lipoprotein cholesterol levels tended to decrease with increasing carbohydrate intake 16 . Similarly, a meta-analysis of 23 trial studies found that a low-carbohydrate diet (≤45% of energy from carbohydrates) improved the lipid level during a 6-month follow up (increase of 4.5 mg/dL in HDL-c levels and decrease of 30.4 mg/dL in the triglyceride level) 9 . In addition, a low-carbohydrate diet had a greater impact on lipid levels than did a low-fat diet (≤30% of energy from fat) 9 . In line with prior reports, our findings indicate an inverse association between carbohydrate intake and HDL-c levels. Additionally, the mixed-model analysis showed that the effect of diet on HDL-c levels was maintained over a long period. Although many studies have been conducted, our findings are meaningful in that they were obtained through long-term observation.
A high intake of carbohydrate has an unfavorable effect on health, but it is generally recommended to reduce the intake of fat or saturated fat rather than that of carbohydrate 12 . This is largely based on studies involving North American and European subjects, who have high intakes of fat and saturated fat 12, 16 . However, due to the seesaw effect between carbohydrate and fat intake, a low-fat diet may exert an unfavorable effect on lipid levels. In addition, the benefit of replacing fat with other nutrients is controversial. A multinational cross-sectional study Table 3 . Effect of carbohydrate-to-fat ratio quartile on the baseline HDL-c level and the prevalence of hypo-HDL-cholesterolemia. HDL, high-density lipoprotein; OR, odds ratio; 95% CI, 95% confidence interval. † p for trend. Odds ratios with 95% confidence intervals were calculated after adjusting for sex, age, rural residence, education level, BMI (normal, overweight, and obese), physical activity quartile, alcohol intake, current smoking, and total energy intake. In the stratified analysis by sex, the variable sex was naturally excluded from the covariates.
Scientific RepoRtS | (2020) 10:913 | https://doi.org/10.1038/s41598-020-57931-w www.nature.com/scientificreports www.nature.com/scientificreports/ reported that replacement of saturated fat with carbohydrates exerted an adverse effect on lipid levels 16 . Two large cohort studies failed to show a link between replacement of saturated fat with carbohydrate and a decreased risk of CVD 17 . A recent study of the Atherosclerosis Risk in Communities (ARIC) cohort in the US reported that carbohydrate intake and mortality showed a U-shaped association, and the risk of mortality was lowest at a carbohydrate proportion of 50-55% 18 . Therefore, further research using data of the population of interest is needed.
In the 2015 Korean dietary guidelines, carbohydrate and fat are recommended to contribute 55-65% and 15-30% of total energy, respectively 19 . The contribution of carbohydrate to total energy has steadily declined over the past few decades 20 , but the average in Korea is higher than in the US (63.6% in Korea in 2016 vs. 48.6% in the US during 2011-2014) 20, 21 . The main source of carbohydrate for Koreans is white rice, which is a refined grain and accounts for about 40% of the total carbohydrate intake 20 . Refined grain has a high glycemic index (GI) and glycemic load (GL), which lead to an elevated insulin response. In addition, foods with a high GI and GL are linked to metabolic processes such as lipolysis, lipogenesis, or substrate oxidation 22 , which cause endothelial Values are least-squared means with 95% confidence intervals. The least-squared mean change in HDL-c levels was estimated for each carbohydrate-to-fat ratio quartile at each follow up using a mixed model assuming a random intercept with a compound symmetric structure. Estimates were obtained from a model that included the quartile of carbohydrate-to-fat ratio, follow-up time point, sex, age, rural residence, education level, physical activity, total energy intake at baseline, current smoking (at each follow-up), alcohol intake (at each follow up), body mass index (at each follow up), and the interaction between carbohydrate-to-fat ratio quartile and follow-up time point. In the stratified analysis by sex, the variable sex was naturally excluded from the covariates.
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(2020) 10:913 | https://doi.org/10.1038/s41598-020-57931-w www.nature.com/scientificreports www.nature.com/scientificreports/ damage and vascular dysfunction 23 . In Koreans, intake of refined grain may be related to a low HDL-c level. The subjects with a high carbohydrate-to-fat ratio were older and more likely to reside in a rural area, and to have a low education level. Sociodemographic factors also seem to have contributed to the association between diet and lipid level. There was a significant association between the carbohydrate-to-fat ratio and HDL-c level in females, but not in males, but the results of the mixed model consistently showed a low HDL-c level in the highest quartiles of the carbohydrate-to-fat ratio in both sexes. Thus, a high carbohydrate-to-fat ratio appears to have some effect on HDL-c levels, but the effects evaluated in terms of only the clinical definition (i.e. hypo-HDL-cholesterol) appeared to differ between males and females.
Several points should be considered when interpreting our results. First, the KoGES community-based cohort is not representative of the total population of South Korea. We did not take into account changes in the intake of macronutrients, which could have influenced the association. Dietary data were collected using a validated tool by dieticians, but measurement errors could dilute the association between the carbohydrate-to-fat ratio and hypo-HDL-cholesterolemia. There is also the possibility of bias due to loss to follow-up. Finally, although we analyzed several covariates, residual confounding factors, such as supplements, might have influenced the results.
This study had several strengths. The data were derived from a large-scale, long-term observational study conducted in Asia. Because of the possibility of dietary control for disease management, we excluded subjects with physician-diagnosed diseases at baseline. Repeated-measurement data were used to control for within-person variability. Changes in measurement settings are inevitable in a long-term observational study, so we used standardized values in the mixed-model analysis. It helped to satisfy the assumptions of the analysis and show a clear relationship.
In summary, we assessed the association of the carbohydrate-to-fat ratio with HDL-c levels. A high intake of carbohydrate and low intake of fat influenced HDL-c levels over a long period. The carbohydrate-to-fat ratio was also associated with the prevalence and incidence of hypo-HDL-cholesterolemia, with a marked dose-response relationship. To reduce the prevalence of hypo-HDL-cholesterolemia, further research to promote appropriate intake of macronutrients is needed.
Methods
Study subjects. This study was conducted using data from the community-based cohort of the Korean Genome Epidemiology Study (KoGES). The KoGES community-based cohort was established in 2001-2002 and an eighth follow-up survey was conducted in 2017-2018. Subjects were randomly selected from among 40to 69-year-old residents of Ansung and Ansan, Gyeonggi Province, and were contacted via mail, telephone, or home visits (Ansung, response rate = 69.6%; Ansan, response rate = 45.7%). A total of 10,030 volunteers (Ansung, n = 5,018; Ansan, n = 5,012) were enrolled and completed the baseline survey. Ansung is located in a rural region and Ansan in an industrial region. The follow up was performed by trained technicians and interviewers at 2-year intervals, and involved the assessment of demographic factors, disease history, and health-related behaviors using questionnaires, anthropometric measurements, and biomarker assays. All participants provided informed consent 24 . The KoGES data are available with approval from the National Research Institute of Health 24 . The most recent available data are from the sixth follow-up survey conducted in 2013-2014 (follow-up rate, 62.8%). Information about this cohort can be found elsewhere 24, 25 . Outcomes. The main outcome variable was HDL-c levels in blood during the follow up. Blood samples were collected after fasting overnight. HDL-c levels was measured using an autoanalyzer (ADVIA 1650 or 1680, Siemens, Tarrytown, NY, USA). To reduce variability due to measurement settings, HDL-c levels were transformed to standardized values using the mean and standard deviation of HDL-c levels from subjects who participated in each follow-up survey. Hypo-HDL-cholesterolemia was defined as an HDL level of <40 mg/dL for males and of <50 mg/dL for females. Follow-up began upon entry into the study and ended on the date of detection of an abnormal value of a biochemical marker or of the final follow-up, whichever was sooner.
Covariate factors. HDL-c levels tends to be lower in individuals with obesity, inflammation, and those who smoke, and tends to be higher in persons who exercise and consume alcohol 27 . Among the available data, we analyzed BMI, current smoking, alcohol intake, physical activity, and demographic factors. Education level was classified into did not graduate high school, graduated high school, or at least some college. BMI was categorized as normal (<23.0 kg/m 2 ), overweight (23-24.9 kg/m 2 ), or obese (≥25 kg/m 2 ). The alcohol-intake categories were based on previous studies (no alcohol, <15 g/day, 15-24.9 g/day, and ≥25 g/day) 28, 29 . Physical activity over the past year was assessed using the International Physical Activity Questionnaire 30 and was measured in terms of the quartile of Metabolic Equivalent of Task (MET)-hours per week, which takes into account both the intensity and duration of exercise. We also considered the energy-adjusted intake of fiber.
Statistical analysis. All statistical analyses were conducted using SAS ver. 9.4 (SAS Institute, Cary, NC, USA). Normally and non-normally distributed data are expressed as means with standard deviations and as medians with interquartile ranges, respectively; categorical data are presented as numbers of subjects with percentages. Differences in baseline characteristics by carbohydrate-to-fat ratio quartile were evaluated by analysis of variance and the Kruskal-Wallis test for numerical data and the chi-squared test for categorical data. We also evaluated the association between the carbohydrate-to-fat ratio quartile and prevalent hypo-HDL-cholesterolemia at baseline.
Longitudinal changes in HDL-c levels according to carbohydrate-to-fat ratio quartile were evaluated by mixed-model analysis assuming a random intercept model. The model included group (i.e., carbohydrate-to-fat ratio quartiles), follow-up time point, and the interaction between group and follow-up time point as fixed effects. Based on the low Akaike information criterion (AIC) values, a covariance structure was determined, and a compound symmetric covariance structure was used. Additionally, baseline characteristics (sex, age, region [rural/industrial], education level, and physical activity quartile) and repeated measurements data (BMI status, current smoking, and alcohol intake) were included as covariates. Results are presented as least-squared means with 95% confidence intervals (CIs).
For the analysis of incident hypo-HDL-cholesterolemia, we excluded a further 2,339 subjects with prevalent hypo-HDL-cholesterolemia at baseline. We calculated the incidence of hypo-HDL-cholesterolemia in units of 1,000 person-years. To assess the effect of the carbohydrate-to-fat ratio on the development of hypo-HDL-cholesterolemia, we estimated the HR with 95% CI using the Cox proportional hazards model. The assumption of the Cox proportional hazards model was evaluated using the Schoenfeld residuals method and was satisfied. The effect of the interactions between carbohydrate-to-fat ratio and the covariates at baseline was also evaluated, as was that of carbohydrate and fat intake on incident hypo-HDL-cholesterolemia. Statistical significance was determined at p < 0.05 in a two-tailed test.
